Post-transcriptional regulation as well as transcriptional regulation plays an important role in the expression of genes under stressed conditions in Saccharomyces cerevisiae. Under stressed conditions caused by heat shock or ethanol, yeast cells alter not only their transcriptional patterns but also the types of mRNA to be exported from the nucleus in order to adapt rapidly to the stress. Under heat-shocked conditions at 42 C, bulk poly (A) þ mRNA accumulates in the nucleus, whereas stress-induced transcripts such as HSP mRNAs are efficiently exported. Ethanol stress also causes nuclear accumulation of bulk poly (A) þ mRNA, but elicits a different response regarding the transport of HSP mRNAs. Other differences between the heat shock response and the ethanol stress response were observed in the nuclear processing of transcripts and in cytosolic mRNA flux. This review outlines the regulation of yeast gene expression at the mRNA processing and nuclear export steps under ethanol stressed conditions, and discusses how to improve the capabilities of brewer's yeast cells. 
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Key words: selective export of mRNA; hyperadenylation; ethanol stress; brewing process; rationality of transcriptional activation Although it is produced by yeast cells through alcoholic fermentation, ethanol functions as a stressor for yeast cells. The adverse effects of ethanol on yeast cells cause a deterioration in the efficiency of alcoholic fermentation and represent key problems facing Japanese sake brewers and wine producers. Here, the ethanol stress response of yeast has been investigated with great interest over the years, but surprisingly, the changes in yeast cells under ethanol stress and in alcohol brewing have not been fully elucidated. Compared with that on yeast responses to heat shock and oxidative stress, information on responses to ethanol stress is limited. My colleagues and I have been investigating the mechanisms of the ethanol stress response in yeast cells in the hope of achieving innovations in brewing technology. It has recently been clarified that post-transcription plays an important role in the regulation of gene expression in yeast cells under ethanol stress. This review outlines the regulation of yeast gene expression at the mRNA processing and nuclear export steps under ethanol stressed conditions.
I. Changes in Transcription and Protein Levels during the Stress Response
The entire genomic base sequence of Saccharomyces cerevisiae (laboratory strain S288c) was determined in 1996. Recently, the genomic sequence of a sake yeast strain (Kyokai No. 7) was also determined by a Japanese group. This information has facilitated exhaustive analysis of S. cerevisiae using DNA microarrays, and data on changes in the transcriptional pattern under various conditions have been organized in the Saccharomyces Genome Database (http://www.yeastgenome.org/). Microarray analyses conducted under ethanol stress conditions and during various alcohol brewing processes have also been reported. [1] [2] [3] The results provide a powerful means of understanding ethanol stress responses of yeast cells, but microarray analyses show changes only at the transcriptional level, and do not reflect the entire process from mRNA synthesis to the final translation.
In eukaryotes, including S. cerevisiae, the site of transcription, the nucleus, and the site of translation, the cytoplasm, are separated by a nuclear membrane, and mRNA is translated following various intranuclear processing and export activities. This suggests that deviations in the protein level from the mRNA level are greater in eukaryotes than in prokaryotes. It has been confirmed that changes in the mRNA level are not necessarily reflected in the protein level in yeast cells. 4) Therefore, any discussion of gene expression in response to stress that focuses simply on variations in mRNA levels may be misleading. We also confirmed that the protein level did not rise, despite a marked increase in the mRNA level, in several genes transcriptionally activated by stress. 5) To facilitate a comprehensive treatment, I will first introduce the molecular mechanisms of mRNA export from the nucleus to the cytoplasm in S. cerevisiae (Fig. 1) .
II. Nuclear Export of mRNA in S. cerevisiae
For the translation of eukaryotic mRNA in the cells, the mRNA must be exported from the nucleus to the cytoplasm. During transcription, the nascent pre-mRNA undergoes a series of processing steps, in which 5 0 -end capping, splicing, 3 0 -end cleavage and addition of a poly(A) tail, and the formation of mRNA export factormRNA complexes (mRNP complexes) are involved. In S. cerevisiae, the mRNP complex is exported by mRNA export-associated factors, including RNA-binding proteins (Sub2p, Mud2p, Yra1p, Yra2p, Mex67p, Npl3p, Nab2p, and Hrp1p), nucleoporins, and NPC-associated proteins (Mtr2p, Gle1p, Gle2p, Rip1p, and Nup159p), and DEAD box RNA helicase (Rat8p) (Fig. 1) . The mRNA export-associated factors of S. cerevisiae are listed in Table 1 . Once nuclear processing has been completed, matured mRNA is usually exported to the cytoplasm via a nuclear pore and reaches the cytoplasmic translation apparatus (the ribosome) after passing through all of these steps. Nuclear processing and mRNP export are connected, and each of these steps is critical to eukaryotic gene expression. Eukaryotic cells have therefore evolved sophisticated mechanisms to regulate gene expression in a coordinated, dynamic, and spatial manner. Moreover, gene expression can be blocked at any of these steps.
III. Selective Export of mRNA under HeatShock Conditions
It has been clarified that the mRNP export step is a target in the stress response. For example, yeast cells exposed to heat shock (42 C) shut down the synthesis of most proteins, with the exception of stress-responsive proteins such as heat shock proteins (HSPs). 6, 7) This effect is caused partly by selective export of mRNA. In order to adapt rapidly to heat shock stress, cells alter not only their transcriptional patterns but also the types of mRNA to be exported from the nucleus to the cytoplasm. Under heat-shock conditions, stress-induced transcripts such as HSP mRNAs are efficiently exported, whereas bulk poly(A) þ mRNA accumulates in the nucleus. [6] [7] [8] [9] Such a nuclear accumulation of bulk poly(A) þ mRNA gives priority to HSP mRNAs in the use of the nuclear export pathway and translation apparatus, resulting in efficient production of urgently required HSPs. The preferential export of urgently required mRNAs facilitates rapid adaptation to the stress. Eukaryotes might efficiently regulate gene expression corresponding to environmental conditions by selective export of mRNAs.
The mechanisms of selective export of mRNA caused by heat shock appear to be quite complex. Initially, it was proposed that HSP mRNAs are exported through a specific pathway defined by the nucleoporin Rip1p. [6] [7] [8] [9] [10] Later, however, it was reported that Rip1p also participates in the export of non-HSP mRNAs at 42 C.
11) It has also been reported that other general mRNA export factors are involved in the export of HSP mRNAs at elevated temperatures, suggesting that HSP mRNAs and non-HSP mRNAs are exported through similar pathways. 11, 12) The pathways of mRNA export under conditions of stress remain controversial.
IV. Nuclear Retention of Bulk Poly
þ mRNA was also retained in the nucleus in yeast cells exposed to ethanol stress as well as heat shock. The nuclear accumulation of bulk poly(A) þ mRNA began in response to 6-8% ethanol mRNA is synthesized and processed such as splicing, Cap formation, and polyadenylation in the nucleus. After proper processing, matured mRNA is exported as messenger ribonucleoprotein complexes (mRNPs) by mRNA export factors such as Mex67p to the cytoplasm through nuclear pore complexes (NPCs).
and continued up to above 9% ethanol, but it was not clear whether the nuclear retention of bulk poly(A) þ mRNA was regulated in the same way under ethanol stress as it was under heat shock. To try to answer these questions, we investigated the behavior of factors involved in mRNA export and processing. Various factors showed changes in cellular localization and activity in response to heat shock and ethanol stress, indicating that the responses of export-and processingrelated factors affect the selective export of mRNA under stress conditions. 8, 9) Some of the factors involved in mRNA export showed different responses to heat shock and ethanol stress. One such factor, Rat8p, is an essential RNA helicase of the DEAD-box family. [13] [14] [15] Rat8p shuttles between the nucleus and the cytoplasm but is usually concentrated at the exit of nuclear pore complexes (NPCs) on the cytoplasmic side.
14) It is known that Rat8p remodels the mRNP complex, which is transported from the nucleoplasm, at the exit of NPCs and facilitates the release of bulk poly(A) þ mRNA into the cytoplasm. 15, 16) Since Rat8p is concentrated at the exit of NPCs, a punctate distribution of GFP-Rat8p around the nuclear membrane is usually observed, 9, 14, 17) but the intracellular localization of Rat8p changed in response to ethanol stress within a few min, and GFP-Rat8p accumulated in the nucleus (Fig. 2) . No such nuclear accumulation of Rat8p was observed on exposure to heat shock or osmotic stress, suggesting that the change in Rat8p-localization is an ethanol-specific response. 9, 17) The mis-localization of Rat8p was dependent upon the concentration of ethanol. Rat8p began to accumulate in the nucleus in response to about 6% ethanol, and as the ethanol concentration increased more Rat8p moved into the nucleus. Above 9% ethanol, almost all the Rat8p was present in the nucleus. Nuclear retention of bulk poly(A) þ mRNA increased with the accumulation of Rat8p. This indicates that the export of bulk poly(A) þ mRNA was closely regulated, corresponding to the nuclear accumulation of Rat8p. 9) This is explained by the fact that mis-localization of Rat8p, from the exit of NPCs to the nucleoplasmic side, reduced the efficiency with which the bulk poly(A) þ mRNA was released into the cytoplasm. 9, 15) Additionally, Rat8p showed reversible changes in localization depending on the ethanol concentration. Nuclear accumulated Rat8p under ethanol stress conditions rapidly returned to the cytoplasmic side around the exit of NPCs with the elimination of ethanol. As Rat8p returned to its original position, the export of bulk poly (A) þ mRNA resumed. 9) These results indicate a clear correlation between the distribution of Rat8p and the efficiency with which bulk poly(A) þ mRNA is exported. Furthermore, as mentioned above, nuclear accumulation of Rat8p is not caused by heat shock or other forms of stress (Fig. 2) .
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V. Expression of HSP Genes Is Repressed Downstream of Transcription
It was unclear whether HSP mRNAs are exported under ethanol stress conditions as well as heat-shock conditions. Ethanol stress also activates transcription of the HSP genes, markedly elevating HSP mRNA levels. 5) Unlike the case of heat shock response, however, the HSP protein level was not sufficiently elevated by ethanol stress. 5) The finding that the product of translation did not increase in level even though transcription was activated suggested that gene expression was inhibited by post-transcriptional regulation. Hence the intracellular localization of HSP mRNAs such as SSA4 was investigated by fluorescence in-situ hybridization (FISH), and it was found that these HSP mRNAs remained in the nucleus under ethanol stress conditions. 5) This phenomenon is a typical example of inhibition of gene expression in the mRNA transport step, despite transcription being activated. Both heat shock and ethanol stress inhibit the export of bulk poly(A) þ mRNA and activate transcription of the HSP genes. Although their export is prioritized in response to heat shock, HSP mRNAs are retained in the nucleus in response to ethanol stress. These results clearly demonstrate that the selectivity of mRNA export differs between the two conditions.
VI. Hyperadenylation of HSP mRNAs
The mechanisms leading to nuclear retention of HSP mRNAs newly synthesized in ethanol-stressed cells were investigated. We found that the 3 0 -end poly(A) tail was markedly elongated, showing hyperadenylation, unlike under heat shock conditions.
5) The elongation was dependent on the concentration of ethanol: the poly(A) tail lengthened as the ethanol concentration increased within a range of 6-10% v/v, and export efficiency decreased in inverse proportion to the elongation, increasing the amount of HSP mRNA retained in the nucleus. 5) Furthermore, the process was reversible: the poly(A) tail rapidly returned to a normal length when the cells were placed in fresh medium containing no ethanol after ethanol treatment, and HSP mRNAs were exported, elevating the level of translation. 5) A close correlation of excess lengthening of the poly(A) tail with mRNA export efficiency has been reported, 18, 19) suggesting that the state of hyperadenylation, an inappropriate poly(A) tail length, is a cause of the retention of HSP mRNAs in the nucleus. The mRNA of S. cerevisiae normally undergoes the addition of a poly(A) tail at the 3 0 -end, catalyzed by the poly(A) polymerase Pap1p in the nucleus, and is trimmed to an appropriate length by poly(A) nuclease Pan2p/Pan3p. 20, 21) It appears that the 3 0 -end processing is not disrupted by ethanol stress, since the poly(A) tail's length changed in an ethanol concentration-dependent and reversible manner. 5) mRNA export efficiency might be controlled by actively changing the poly(A) tail length.
VII. Rationality of Transcriptional Activation in Ethanol Stress Response
Although ethanol stress activated transcription of the HSP genes, the mRNAs were not translated, because they were not exported to the cytoplasm. In this case, transcriptional activation of HSP genes appears wasteful. Since 10% ethanol stress did not increase their protein levels, HSPs may not be important for defense against ethanol stress. Indeed, exposure to 10% v/v ethanol for several h did not lead to the death of yeast cells, whereas heat shock at 42 C caused the yeast cells to die slowly. 5) This phenomenon also suggests that ethanol stress-induced activation of gene transcription is not always purposively regulated, but is a relatively nonspecific stress response, more wasteful than expected. Gene expression in yeast might be closely regulated in response to environmental conditions in the stages following transcription, including mRNA processing and export.
The poly(A) tail of HSP mRNAs rapidly shortened on removal of the ethanol, and consequently HSP mRNAs were exported and translated. 5) This finding suggests that HSP mRNAs are ready and waiting in the nucleus to be immediately translated and to restore intracellular conditions when cells are freed from the risk of ethanol stress. If so, transcriptional activation of the HSP genes by ethanol stress should also be considered a purposive stress response. To test these two hypotheses, further detailed analysis including responses to other forms of stress is now underway.
VIII. Formation of P-Bodies
The post-transcriptional regulation of mRNA flux is carried out not only in the nucleus but also in the cytoplasm. In the cytoplasm, mRNAs in an untranslated state accumulate in discrete cytoplasmic foci called processing bodies (P-bodies). It has been determined recently that P-bodies play important roles in the regulation of eukaryotic gene expression in the response to stress. P-Bodies were initially identified as a site where mRNAs can be decapped and degraded by decapping enzymes and exonucleases (Table 2) . 22, 23) Afterwards, it was found that P-bodies are responsible for translational repression, serving as sites for the storage of untranslated mRNA under stressed conditions. [24] [25] [26] Untranslated mRNAs can be sequestered in P-bodies, the formation of P-bodies is enhanced by decreases in the rates of translation. In S. cerevisiae, the number and size of P-bodies increased with the depletion of glucose, which depresses translational initiation. 25, 26) Conversely, restoration of glucose levels led rapidly to the disassembly of P-bodies and a resumption of translation. 25) These results clearly indicate that the formation of P-bodies is in dynamic competition with translation.
We found that ethanol stress also enhanced the formation of P-bodies in yeast cells. 27) As the ethanol concentration of the synthetic dextrose (SD) medium increased (above 6% v/v), so too did the number and size of P-bodies. Moreover, elimination of ethanol stress led rapidly to the disassembly of P-bodies. These findings strongly suggest that ethanol stress affects the flux of mRNA in the cytoplasm. Since the status of translation is reflected in the assembly and disassembly of P-bodies in eukaryotic cells, ethanol stress presumably reduces the rate of translation. The translational efficiency of yeast cells can change depending on the concentration of ethanol in the SD medium, and Pbodies are likely to be key players in the flexible regulation of gene expression in the cytoplasm.
IX. mRNA Flux in Yeast during the Brewing Process
During the making of wine and the brewing of Japanese sake, yeast cells are exposed to stress caused by an increase in the concentration of ethanol. The ethanol concentration in the wine must or the sake mash (moromi) eventually reaches about 13-20% v/v. Since the adverse effects of ethanol on yeast cells is a key problem facing wine growers and sake brewers, the ethanol stress response of yeast cells has been investigated with great interest. However, little information is available regarding the mRNA flux in yeast cells during the brewing of alcoholic beverages. We have investigated the changes in the nuclear export of bulk poly(A) þ mRNA with the progression of alcoholic fermentation in wine-making and Japanese sake brewing. 28, 29) In the case of wine-making (white wine using Chardonnay grapes and wine yeast OC-2 cells), nuclear accumulation of Rat8p and blocking of bulk poly(A) þ mRNA export were influenced mainly by the concentration of ethanol in the must. 28) Rat8p showed an ethanol concentration-dependent, reversible reaction in the wine must as well as in SD medium.
9) Nuclear accumulation of Rat8p and bulk poly(A) þ mRNA was gradually induced as the ethanol concentration of the wine must increased, from an ethanol concentration of about 6% up to 9%. 28) It is likely that the ingredients of the must, static culture, low oxygen, and the low temperature (15 C) of wine-making have almost no effect on the localization of Rat8p or the export of bulk poly(A) þ mRNA. During the Japanese sake-brewing process, sake yeast showed unique phenomena. 29) Until the ethanol concentration of the sake mash reached about 12%, the sake yeast strains (Kyokai No. 9 and 10) showed a normal localization of Rat8p and did not start nuclear accumulation of Rat8p. Furthermore, Rat8p reverted to a normal distribution around the nuclear envelope in the late stage of fermentation. 29) Corresponding to the localization of Rat8p, bulk poly(A) þ mRNA kept being exported until the ethanol concentration in the sake mash reached around 12%. 29) Regarding the localization of Rat8p, wine yeast cells (OC-2) in sake mash showed the same response to ethanol as did sake yeast cells (Kyokai No. 9 and 10). The OC-2 cells did not show nuclear accumulation of Rat8p until the ethanol concentration in the sake mash reached about 12%, and Rat8p reverted to a normal localization around the nuclear envelope in the late stage of sake brewing. 29) These findings clearly indicate that the response to ethanol as to the localization of Rat8p during sake brewing is not specific to sake yeast cells. It is more likely that the environment of the sake mash during the sake brewing process affected the localization of Rat8p. The unique responses of Rat8p are presumably specific phenomena caused by the progress of alcoholic fermentation in sake mash. 29) Furthermore, these findings indicate that sake mash is a stressless environment of alcoholic fermentation for yeast cells as compared with wine must. Compared with wine must and SD medium, sake mash is rich in lipids, fibers, kojic acid, amino acids, and peptides. I speculate that the ingredients of sake mash facilitate the export of bulk poly(A) þ mRNA under ethanol-stress conditions. During the wine-making process, the formation of P-bodies was also enhanced as alcoholic fermentation proceeded. 28) As it was in SD medium, the concentration of ethanol in the wine must was the primary factor enhancing the formation of P-bodies (Fig. 3) . The number and size of P-bodies increased when the ethanol concentration in the wine must exceeded 6%, indicating that translational repression was induced at the late stages of wine-making. This finding also suggests that not only the nuclear retention of bulk poly(A) þ mRNA but also the formation of P-bodies participates in the repression of protein synthesis at the late stage of the wine-making process.
The development of P-bodies was not enhanced when the concentration of ethanol in the sake mash exceeded 6%. 29) In contrast to the process of wine-making, the most cells contained only 1 or 2 P-bodies under conditions of 6-12% ethanol during the process of sake brewing (Fig. 3) . The size and number of P-bodies eventually increased when the concentration of ethanol rose above 13% at the final stage of sake brewing, indicating that yeast cells can sustain translational efficiency under conditions of 6-13% ethanol during the process of Japanese sake brewing. When the ethanol concentration of the sake mash exceeded about 13%, the number and size of P-bodies began to increase gradually, and finally conspicuous multiple foci of P-bodies per cell were detected when the ethanol concentration reached about 15%. This unique response indicates that yeast cells can acquire tolerance and adapt to ethanol stress as to the formation of P-bodies as alcoholic fermentation proceeds in sake mash. Additionally, these findings suggest differences in the rate of translation and the cytoplasmic mRNA flux during the wine-making and sake brewing processes.
As described above, ethanol stress (9% or higher in SD medium and wine must) induced nuclear retention of many mRNAs in the yeast cells, and consequently overall translation was repressed. 5, 9, [26] [27] [28] These results clearly indicate that an incidental elevation of the mRNA level is unlikely to increase the expected protein level under ethanol stress conditions. In other words, in order to establish efficient selective expression of specific genes in ethanol-treated cells, it is necessary to control the processes following transcription, including mRNA export, under ethanol-stress conditions, or to modify the mRNAs to be exported from the nucleus and translated under these conditions. The establishment of a selective gene expression technique for the late brewing process, in which the ethanol concentration has been increased, might facilitate modification of the quality of alcoholic beverages and innovations in brewing technology.
